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Epitaxial graphene/Ge interfaces: a minireview
Yuriy Dedkov∗a,b and Elena Voloshina∗a,b
The recent discovery of the ability to perform direct epitaxial growth of graphene layers on semi-
conductor Ge surfaces led to the huge interest to this topic. One of the reasons for this interest is
the chance to overcome several present-day drawbacks on the way of the graphene integration in
the modern semiconductor technology. The other one is connected with the fundamental studies
of the new graphene-semiconductor interfaces, that might help with the deeper understanding of
mechanisms, which governs graphene growth on different substrates as well as shed light on the
interaction of graphene with these substrates, which range is now spread from metals to insula-
tors. The present minireview gives a timely overview of the state-of-the-art in the field of studies of
the graphene-Ge epitaxial interfaces and draw some perspective directions in this research area.
Introduction
Graphene (gr), a pure two-dimensional (2D) material formed by
carbon atoms, already in 1947 was predicted to have extraordi-
nary electronic properties1. For many years this material was
considered as an interesting playground to study different theo-
retical phenomena2,3 assuming that it cannot exist in the free-
standing form due to its 2D nature4,5. After graphene isolation
in the free-standing form in 20046–8 and experiments on its in-
triguing transport, mechanical, optical, and other properties9,10
there was a boom in the graphene properties research and the
subsequent studies further evolve in the huge research area of 2D
materials11–13.
Besides that, in surface science, graphene (or monolayer of
graphite in a former time) is known since the middle of 60s14–20.
Initially, these mono- and multilayer graphitic layers on metal sur-
faces were considered as parasitic poison coatings, which block
the catalytic activity of the metals. Later, it was found that
graphene layer on metal itself is a very interesting object in sur-
face and materials science as well as in graphene research. For
example, graphene layers were predicted to act as spin filters in
the FM/n-gr/FM sandwiches21,22 (FM = ferromagnet, Ni or Co),
graphene layers can be used as a protective inert cover for met-
als and semiconductors23–27, graphene-based moiré structures on
close-packed surfaces of 4d and 5d metals are considered as sub-
strates for the growth of the ordered arrays of molecules or metal-
lic clusters28–30 with the perspective to use these systems in nano-
catalysis or for data storage, gr-metal interfaces are considered as
a perspective systems for the confined catalysis31,32, etc.
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From the technological point of view, the graphene synthesis
on metals was recently considered as a most perspective one33,34
and it was shown that huge mono- and bi-layer graphene sheets
with size up to 30-inches can be synthesised on the polycrystalline
Cu foil and then transferred on the polymer or semiconducting
support for further processing (Fig. 1(a))35. Later this method
was successfully applied for the fabrication of the first graphene-
based touch screens for mobile phones36.
However, the technological adaptation of such synthesis of
graphene on metals followed by the transfer on the desired sup-
port has several drawbacks. First one is the low scalability of
this method, which does not allow controllably produce small
elements from graphene of desired shape and edge configura-
tion. The second problem is connected with the use of differ-
ent chemical reagents and polymers used in the transfer process.
Also the used support always contains unavoidable contaminants.
Together, these factors lead to the fabrication of the contami-
nated graphene-support interface, that can drastically modify the
doping level of graphene and, hence, its transport properties.
The third main drawback after the metal-based graphene syn-
thesis is connected with the residual metal contamination (Cu,
in most cases, as a widely used substrate for the mass produc-
tion) of a graphene layer. Recent experiments demonstrate that
trace amounts of metals (∼ 1013− 1014 atoms/cm2) are found on
graphene transferred to the target SiO2/Si wafer37,38 (Fig. 1(b-
e)). It was found that even such small amounts may be relevant
during front-end-of-line integration approaches and can lead to
the contamination of Si-based devices and cross-contamination of
fabrication tools. Therefore the search for the new graphene syn-
thesis methods directly on semiconductor surfaces was very active
in the last decade. In such a way synthesised graphene layers, ei-
ther after their transfer on the desired semiconductor support or
directly grown on semiconductors, can be used in different attrac-
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Fig. 1 (a) Schemes for the graphene fabrication on semiconductors: (left) using metal (M) substrate for graphene synthesis and then etching and
transfer and (right) direct graphene growth on semiconductor (SC) using CVD or MBE methods. (b) Optical microscope image of a graphene layer
transferred onto a 300nm-SiO2/Si substrate. (c) ToF-SIMS mass spectra in 56Fe+ and 63Cu+ regions acquired at different points in (b) across the sample.
(d) 500× 500µm2 ToF-SIMS map of Cu+ in the center of the sample. (e) Comparison of surface concentration of Cu for different transfer methods.
Measurements on graphene were performed in the center of the flake. Control measurements on the SiO2 substrate were performed 0.5−1mm away
from the edge of the graphene flake. Images in (b-e) are reproduced from Ref. 37 with permission.
tive applications like, for example, photodetectors39,40, chemi-
cal sensors41,42, mixers43, optical modulators44, solar cells45,46,
etc. In all these devices, the so-called Schottky-barrier at the
graphene-semiconductor interface is formed47, attracting much
attention in fundamental and application-like studies.
Initial experiments on the direct graphene synthesis on Si and
SiO2/Si surfaces using chemical vapour deposition (CVD) or us-
ing the solid source in molecular beam epitaxy (MBE) demon-
strated that in most cases such deposition of carbon leads to the
transformation of the surface layers of the underlying Si substrate
into SiC layer48–51. Only recently, it was demonstrated, that after
careful adjustment of the synthesis parameters, graphene layers
can be grown via CVD directly on the Si substrate and the forma-
tion of the Si-C bond in this case was suppressed52,53.
The further progress in the search of the appropriate methods
and semiconductor substrates led to the discovery of the direct
graphene CVD synthesis on Ge surfaces in 201354, followed by
the successful implementation of this approach for the wafer-
scale graphene preparation55. These findings stimulated a rapid
growth of many experimental and theoretical works in this area.
Here we present a timely review of the recent progress in the stud-
ies of the graphene growth on Ge semiconductor substrates, crys-
tallographic structures and electronic properties of the formed
graphene-Ge interfaces with different substrate orientations. In
the end we present some ideas and perspectives on how prop-
erties of such interfaces might be tailored for the further use in
mico(nano)electronics and spintronics.
Graphene structure on Ge surfaces
First experiments on the direct growth of graphene on Ge sub-
strates using CVD (mixture of CH4, H2, and Ar) and MBE (carbon
atomic source) methods were published in 2013-201454–56. It
was shown that all main surfaces of Ge – (001), (110), and (111)
– can be used for the graphene growth (Fig. 2); however, the
graphene and interfaces quality as well as the system morphol-
ogy are different in all cases. The success of these experiments is
based on the catalytic activity of Ge surfaces and that under equi-
librium conditions the parts of the Ge-C alloy do not intermix with
each other54. This is similar to the conditions for the graphene
growth on Cu surfaces. Therefore, taking into account the ex-
tremely small solubility of carbon in bulk Ge (< 0.1%), one can
conclude that during CVD process the graphene growth is self-
limiting and surface-mediated - similar to the Cu-assisted growth
and contrary to the Ni-catalysed growth, where carbon has a high
solubility and several competitive processes take place. It was
shown that for the graphene growth on Ge the fast or slow cool-
ing rates do not play a crucial role, but the temperature during
graphene synthesis by means of CVD or MBE is a key factor, which
determines the alignment of graphene fragments on Ge surfaces
and later the agglomeration to the complete layer.
Figure 2 shows µm-scale scanning electron microscopy (SEM)
images of (a) gr/Ge(110), (b) gr/Ge(111), and (c) gr/Ge(001)59.
These data are accompanied by the respective low-energy elec-
tron diffraction (LEED) images shown as insets (in case of
gr/Ge(001), upper one shows LEED directly after graphene
growth and lower one after additional post-annealing). All ex-
perimental works indicate that for all Ge surfaces, temperature,
which is used during graphene synthesis by means of CVD or
MBE, is a crucial factor55,59–64. As was found the quality of
graphene improves dramatically as the temperature used during
synthesis approaches 930◦ C and the temperature decrease of only
10◦ C already leads to a wrinkled and defective graphene layers as
demonstrated using scanning tunnelling microscopy (STM) and
Raman spectroscopy59,63,64. This abrupt change in the graphene
quality and system morphology is connected with the formation
of the quasi-liquid surface layer of Ge at temperatures several de-
grees below melting point. This leads to the higher mobility and
sublimation rate on the Ge surface that in its turn promotes the
high diffusion of carbon species and the desorption of the defec-
tive fragments from the sample surface. However, in order to
better understand the conditions for the high-quality graphene
growth, further experimental and, especially, theoretical studies
on the growth kinetics of graphene on Ge surfaces are necessary.
The morphology analysis performed with SEM for different
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Fig. 2 Upper row: SEM images of the morphology of continuous graphene layer and the underlying substrate on: (a) Ge(110), (b) Ge(111), (c) Ge(001).
Scale bars are 1µm. Insets in (a-c) show LEED patterns of single-crystal graphene grown on respective Ge surfaces. Upper/lower insets in (c) show
LEED patterns directly after graphene growth on Ge(001) and after additional annealing at 850◦ C under Ar-atmosphere of 800mbar. Middle row: Large
scale STM images of (d) gr/Ge(110) (size: 500nm× 310nm, UT = 2V, IT = 100pA), (e) gr/Ge(111) (size: 200nm× 163nm, UT = −1V, IT = 100pA), (f)
gr/Ge(001) (size: 200nm×142nm, UT = 2V, IT = 200pA). Lower row: corresponding atomically resolved STM images acquired before (left) and after
(right) UHV annealing at 700◦ C for (g) gr/Ge(110), (h) gr/Ge(111), and (i) gr/Ge(001). Insets show corresponding FFT images. Scale bars are 2nm
and 4nm for (g-h) and (i), respectively. Images are reproduced from Refs. 55,57–59 with permission.
gr/Ge interfaces reveals that the surface is flat for the case of
Ge(110) and Ge(111) (Fig. 2(a,b)). This fact is confirmed by
formation of hexagonal LEED patterns (shown as corresponding
insets) as well as by STM data (Fig. 2(d,e)). For gr/Ge(110)
the single-domain graphene growth is observed at high temper-
atures as found by LEED and transmission electron microscopy
(TEM)55,62, whereas for gr/Ge(111) the polycrystalline graphene
layer is formed with a weak domain orientation preference. In
case of the gr/Ge(001) interface, the strong faceting of the Ge
surface under graphene is observed with the preferential forma-
tion of the {107} facets57–59,61,63,65–67, as it is revealed in SEM
and STM experiments (Fig. 2(c,f)). LEED patterns for this sys-
tem acquired after synthesis demonstrate 3 pairs of hexagons
due to facets on the Ge(001) surface and in every pair the spots
are rotated by 30◦ with respect to each other due to the exis-
tence of two planar graphene orientations (upper inset of (c)).
Such strong difference in the graphene morphology is assigned to
the fact that on Ge(110) the growth of graphene is anisotropic
with the graphene islands uniaxially aligned along the Ge 〈110〉
direction (“zig-zag” and “arm-chair” graphene edges are paral-
lel to Ge 〈001〉 and Ge 〈110〉, respectively), whereas for Ge(111)
and Ge(001) the graphene seeds shapes are isotropic, that leads
to the polycrystalline growth55,59,68. Density functional theory
(DFT) calculations support these experimental findings giving
lowest formation energy for graphene fragments aligned with
“arm-chair” edges along the Ge steps parallel to the 〈110〉 direc-
tion68. The observed graphene islands alignment and the growth
anisotropy for the Ge(110) surface leads to the appearance of the
barrier for the islands rotation during growth that finally leads to
the single-domain graphene layer on this surface.
Graphene growth on Ge surfaces leads to the respective
changes of the structure of the underlying surfaces (Fig. 2). Avail-
able experimental data give clear information about atomic ar-
rangement at the gr/Ge(110) interfaces with less know structures
for other two gr/Ge systems.
The remarkable example of the modification of the underly-
ing substrate after graphene growth is the gr-Ge(001) interface,
where, as discussed, graphene growth leads to the strong sur-
face faceting. However, it was demonstrated by LEED and STM
that ultra-high vacuum (UHV) annealing at 700◦ C, or annealing
at 850◦ C under Ar-atmosphere of 800mbar, or slow sample cool-
ing after growth leads to the flattening of the gr-Ge(001) inter-
face and some areas demonstrate (2× 1) reconstruction, repre-
sentative for freshly UHV-prepared Ge(001) (see lower inset of
Fig. 2(c) and right image in Fig. 2(i))57,58,65. Therefore, we
can conclude that fast sample cooling after graphene growth sim-
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Fig. 3 (a) Raman spectra of graphene samples grown on Ge(110) at different temperatures. (b) Upper row: Raman spectra of graphene on Ge(110),
Ge(111), and Ge(001) before (blue) and after (red) UHV annealing at 700◦ C. Bottom row: Corresponding plot of Raman 2D peak position versus G
peak position for spatially resolved Raman spectra of graphene on Ge surfaces before (blue) and after (red) vacuum annealing. Shaded circles indicate
95% confidence intervals. Shifts along the dark grey lines are associated with strain in the graphene lattice, while shifts along the light grey line are
associated with variations in carrier doping. Images in (a) and (b) are reproduced from Ref. 64 and Ref. 57, respectively, with permission.
ply drives the quenching of facets on the Ge surface, which are
formed under graphene and which can be either avoided by slow
cooling rate or using additional postannealing.
The not so dramatic, but also notable changes appear at the
Ge(110) and Ge(111) surfaces after graphene growth and the
following postannealing procedures. As was found, the CVD
graphene growth on Ge(110) leads to the disordered structure
of the Ge surface quenched by graphene (Fig. 2(g), left)57,68,69.
This can be compared to the coexisting c(8×10) and (16×2) re-
constructions characteristic for pristine Ge(110). Annealing of
the as-grown gr/Ge(110) at 700◦ C in UHV drives the formation
of the (6× 2)-Ge(110) reconstruction, which is stabilized by the
graphene layer and which was not previously reported for this Ge
surface (Fig. 2(g), right)57,69–71. As shown by STM and surface
x-ray diffraction (SXRD), the interfaced Ge layer reorganizes in
clusters, which are ordered along the 〈112〉 direction of bulk Ge.
It is interesting to note, that the similar (6× 2)-Ge(110) surface
under graphene is formed after direct MBE graphene growth on
the same surface60,62,72.
For the gr/Ge(111) interface prepared by CVD the topmost
Ge layer does not show any specific reconstruction (Fig. 2(h),
left), which, however, transformed to the 6-fold ordered struc-
ture after UHV annealing at 700◦ C (Fig. 2(h), right) and the area
for this structure is increased from less than 20% to 100% upon
thermal treatment57. The formed reconstruction of Ge(111) un-
der graphene deviates from the representative c(2× 8) structure
for pristine Ge(111). For the MBE grown gr/Ge(111) interface
the recovery of the typical c(2× 8)-Ge(111) reconstruction un-
der graphene was detected upon sample cooling, pointing the im-
portance of the used graphene synthesis methods60. It was also
found that all reconstructed gr/Ge interfaces survived the ambi-
ent exposure that gives a strong support for the conclusion that
graphene in these systems modifies the energetic landscape of the
interfaced Ge surfaces.
Electronic properties of graphene on Ge sur-
faces
Graphene growth conditions, like the ratio of the CH4 flow with
respect to the ones for H2 and Ar as well as the used growth tem-
peratures, have a dramatic implication on the crystallographic
quality of a graphene layer on Ge and, respectively, on its elec-
tronic properties. Figure 3(a)64 shows Raman spectra measured
for a series of gr/Ge(110) prepared at different substrate tem-
peratures (left panel) and the respective peak energy position di-
agram (right panel), which is used for the analysis of the strain
and doping level in graphene. The summary of the space-resolved
data for graphene layers prepared on different Ge substrates and
measured before and after UHV annealing at at 700◦ C is shown
in panel (b)57, respectively. All spectra reveal the main feature of
graphene, namely 2D (∼ 2700cm−1) and G (∼ 1600cm−1) bands.
Also the D peak (∼ 1350cm−1), which originates from the inter-
valley resonant scattering processes induced by defects, can be
also recognised in the spectra. [Sharp features at ∼ 1550cm−1
and ∼ 2330cm−1 are attributed to ambient oxygen and nitrogen,
respectively.]
In all studied cases for the preparation of gr/Ge(110)54,64,73
and gr/Ge(001)54,63,66,67, the increase of the synthesis temper-
ature between 910◦ C and 930◦ C leads to the abrupt changes in
the quality of graphene as indicated by the significant reduction
of the intensity of the D peak as well as by the increase of the
ratio of intensities of the 2D and G peaks (Fig. 3(a)). These ob-
servations can be clearly assigned to the decrease of the number
of defects in the formed graphene layer. The analysis of the 2D vs
G band energies74 for the space-integrated data shows that the
increase of the synthesis temperature leads to the decrease of the
compressive strain in graphene from ≈ 0.5% to ≈ 0.3% with the
negligible doping for gr/Ge(110)64; the opposite increase of the
strain is observed for gr/Ge(001) with the electron doping density
in graphene of ≈ 1013cm−2 63,66,67,75.
The interesting observations were made in the Raman spec-
troscopy experiments for the gr/Ge samples after UHV annealing
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Fig. 4 (a) Experimental C K-edge NEXAFS spectra of gr/Ge(110), graphene, and gr/Ni(111). The respective theoretical spectra for the last two
samples are shown at the top of the panel. Constant energy cuts (CECs) of the ARPES intensity for (b) two-domain and (c) single-domain gr/Ge(110).
Dashed-line hexagons mark the respective hexagonal Brillouin zones of graphene for both samples. (d) ARPES intensity map presented along the
Γ−K1 direction (marked in (b)) of the graphene-derived Brillouin zone of one of the graphene domains. The inset of (d) shows the photoemission
intensity cut along the direction perpendicular to Γ−K (marked in (c)). All ARPES data were collected at T = 100K with a photon energy of hν = 100eV.
Images are reproduced from Ref. 62 with permission.
at 700◦ C (Fig. 3(b))57. In case of gr/Ge(110) and gr/Ge(111) the
increase of the compressive strain was observed, that was con-
nected with the formation of the reconstructed (6× 2)-Ge(110)
under graphene and with the increase of the chemical interaction
between graphene and Ge(111), respectively. The later obser-
vation is also supported by the scanning tunnelling spectroscopy
(STS) data for the gr/Ge(111) interface indicating the discussed
changes. For the gr/Ge(001), the experimental data shows sig-
nificant point-to-point energy variation of the peak, however,
the compressive strain of ≈ 0.5% was measured which does not
change upon vacuum annealing. These data from Ref. 57, how-
ever, are in contradiction with the recently published data for this
interface59, which demonstrate no significant dispersion in the
peak position with a compressive strain of ≈ 0.1%. These discrep-
ancies are attributed to the use of the doped Ge substrates in the
former studies57, indicating the importance of further works of
the substrate doping on the graphene electronic properties.
The number of the available electronic structure studies by
electron spectroscopy methods and DFT is very limited and here
we discuss almost all present-day results. The interaction of
graphene with Ge substrates can be characterised, on the first
step, with x-ray photoelectron spectroscopy (XPS) and near-edge
x-ray absorption fine structure spectroscopy (NEXAFS). The pres-
ence of the single C 1s component in XPS spectra confirms the ho-
mogeneity of the sp2 phase in the formed graphene layers on dif-
ferent Ge surfaces and the XPS results, measured for the UHV an-
nealed gr/Ge samples, indicate the weak n-doping of graphene on
Ge(110) and Ge(001) with a position of the C 1s peak in the range
of 284.4−285.0 eV55,61–63,66,71,72,76 as compared to 284.23 eV for
the neutral graphene or graphite77,78. NEXAFS spectra measured
at the CK absorption edge for gr/Ge(110) (Fig. 4)62,72 are in very
good agreement with the experimental and theoretically calcu-
lated ones for free-standing graphene (graphite)77,79, indicating
very weak interaction between a graphene layer and Ge substrate.
[NEXAFS intensity peaking at 285.3 eV is assigned to the excita-
tion of the 1s electron onto the pi∗ unoccupied states of graphene
and intensity in the range of 291− 295 eV to the 1s→ σ∗ transi-
tion.] Here, one can compare these results with the NEXAFS spec-
tra of the strongly interacting gr/Ni(111) interface (shown in the
figure), where substantial modifications of the NEXAFS spectrum
compared to the one for free-standing graphene is observed80–82.
First published angle-resolved photoelectron spectroscopy
(ARPES) data were obtained using nano- and µ-ARPES on
graphene flakes prepared on Ge(001) by means of CVD and
MBE75. In consistence with the previous LEED and SEM data, it
was found that 12 Dirac cones are observed in the photoemission
full data sets corresponding to two-domains growth mode for the
gr/Ge(001) interface. Here the electronic structure of graphene
was found almost intact with a rigid shift of bands indicating p-
doping with a position of the Dirac point ED −EF = +0.185 eV.
Further studies of the gr/Ge(001) interface prepared by CVD
method58 found n-doping of graphene with the Dirac point po-
sitions ED−EF =−0.05 eV and ED−EF =−0.1 eV for as-prepared
and for Ar-atmosphere-annealed at 850◦ C samples, respectively
(corresponding LEED images are presented as insets in Fig. 2(c)).
These new results point out the absence of H at the gr/Ge inter-
face as was proposed in earlier works55. Also, one can conclude
that the previously observed in Ref. 75 the p-doping of graphene
might be due to the residual ambient contaminations or partly
intercalated oxygen or other species that was avoided by the ad-
ditional UHV annealing of the studied gr/Ge(001) samples in Ref.
58.
The electronic structure of gr/Ge(110) prepared by MBE
method and annealed in UHV conditions at 800◦ C was system-
atically studied by means of ARPES in Ref. 62 and these re-
sults are summarized in Fig. 4(b-d). According to this work,
two gr/Ge(110) samples – two-domains and single-domain – pre-
pared at slightly different temperatures, demonstrate n-doping of
a graphene layer with the Dirac point position ED−EF =−0.21 eV.
These results are supported by the local STS dI/dV -mapping data,
which give ED−EF ≈ −0.25 eV. The same gr/Ge(110) interface,
but prepared by means of CVD and annealed in UHV conditions
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Fig. 5 (a) STM image of R1 and R2 phases of gr/Ge(110). (b) STM
zoom-in scan of phase R2 showing the honeycomb lattice of graphene
(UT = −0.2V, IT = 400pA). (c) STM image of gr/H/Ge(110) after pro-
longed UHV annealing at 300◦ C (UT = 2.5V, IT = 1nA). (d) STM zoom-in
scan marked by yellow rectangle in (c) (UT =−2.5V, IT = 1nA). Images
are reproduced from Ref. 71 with permission.
at 900◦ C, shows almost neutral state for graphene83. Further
annealing of the same sample at 925◦ C leads to the shift of the
Dirac point to ED−EF = −0.1 eV, that was assigned to the dein-
tercalation of H from the gr/Ge interface. This was conformed
by further H-intercalation in gr/Ge(110) and restoring of the
neutral state of graphene83. It is interesting to note, that low-
temperature ARPES (100K) and STS dI/dV -mapping (10K) data
give a relatively high value for the Fermi velocity in graphene –
vF =(1.38±0.15)×106ms−1 and vF =(1.82±0.21)×106ms−1, re-
spectively, compared to vF = 0.85×106ms−1 obtained within the
local-density approximation (LDA) in the DFT for the case of fully
screened electron-electron interaction in graphene. As concluded
in Ref. 62 it is due to the semiconducting Ge substrate used for
the graphene growth, which has non-infinite dielectric constant,
that in this case leads to the Fermi velocity renormalization and
these results are in agreement with the recent ARPES data for
graphene on other semiconducting or insulating substrates84,85.
DFT analysis of the discussed gr/Ge interfaces is quite diffi-
cult due to the unknown interface structures. Therefore, the
initial attempts in the recent theoretical works were devoted to
the simulation of the electronic band structure of these systems
using either bulk-terminated or known surface reconstructions
of Ge surfaces. For example, the binding energy of graphene
to Ge surface is EB = −40meV/C-atom and EB = −37meV/C-
atom for gr/Ge(111)c(2× 8) and gr/Ge(110)c(8× 10), respec-
tively, where corresponding original Ge surface reconstructions
are considered60. The gr-Ge-adatom distances in these results
are ≈ 3Å. For the bulk terminated Ge surface in gr/Ge(110) the
value of EB = −42meV/C-atom with the gr-Ge-plane mean dis-
tance of 3.54Å62. The small difference between binding energies
obtained for different models of the gr/Ge(110) interface is due
to the weak C-Ge interaction and to the fact that no Ge-C alloy
can be formed according to the phase diagram. According to the
results presented in Ref. 62, graphene is weakly p-doped for the
pure unreconstructed gr/Ge(110) interface with the Dirac point
position of ED − EF ≈ 0.2 eV. In order to reproduce the experi-
mentally observed n-doping of graphene, the interfacial Sb atoms
were used, which, as suggested might segregate at the gr-Ge in-
terface during sample preparation. However, the experimental
XPS data do not support this model as the detected amount of
Sb atoms is much lower compared to the concentration used in
the DFT calculations. As suggested in Ref. 83, the unsaturated
dangling bonds of the Ge atoms at the gr-Ge interface might do-
nate electrons to graphene inducing its n-doping observed in the
experiment. Furthermore, more realistic models, which take into
account the experimentally observed reconstructions at the gr-Ge
interfaces, have to be considered for the correct description of
the electronic properties of these interfaces. Also, such impor-
tant factor as the doping of Ge substrate has to be considered
as it might strongly influence the properties of the synthesised
graphene layer.
Graphene hetero- and nano-structures on Ge
surfaces
The electronic structure of graphene on different substrates can
be modified using different approaches, like, e. g., adsorption
of different atoms on top of graphene, intercalation of different
species between a graphene layer and substrate, or via synthesis
of low-dimensional graphene quantum-dots (GQDs) or graphene
nanoribbons (GNRs), where properties of new quantum objects
are defined by confinement effects19,20. It is known that the band
gap of GNRs depends on their width and edge structure with its
maximum values for GNRs width below 10nm. Here semicon-
ducting GNRs can reach high carriers mobility, current density,
thermal and electrical conductivity. However, to be used in the
semiconducting technology, such GNRs have to be highly aligned
in one direction on the semiconducting support. For example, in
case of field-effect transistors (FETs), the use of unaligned ribbons
can increase the conduction way, decreasing on/off conductance
ration of FET. Therefore, the alignment of semiconducting GNRs
on large scale Ge surfaces could be a significant step for integra-
tion of graphene in the modern semiconductor technology and
electronics.
First experiments on intercalation in gr/Ge interfaces were per-
formed using hydrogen as an intercalant, motivated by the pre-
vious works on the gr/H/SiC(0001) systems, where the elec-
tronic decoupling of graphene from the SiC substrate was found
with the simultaneous improvement of the transport properties
of graphene87–89. The hydrogen intercalation in gr/Ge(001)
was performed during sample cooling after sample growth un-
der 800mbar H2 pressure using starting temperatures of 600−
900◦ C90,91. Hydrogen intercalation leads to the flattening of the
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Fig. 6 (a) 3D representation of GQD/Ge(110) (size: 80nm×80nm, UT = 2.4V, IT = 1nA). Inset shows a zoom-in STM scan marked by black rectangle
in large scale scan (size: 5nm×5nm, UT = 0.2V, IT = 2nA). Graphene “arm-chair” and Ge 〈110〉 are marked in the respective images. (b) Schematic
diagrams (upper row) and SEM images (bottom row) of graphene crystals grown on Ge(001) with 0◦, 6◦, and 9◦ miscut toward Ge 〈110〉. Red and blue
crystals in are perpendicular and parallel, respectively, to the miscut. Dashed arrows point downhill. Scale bars in SEM images are 1µm. Images in
(b) are reproduced from Ref. 86 with permission.
initially faceted gr/Ge(001) interface as confirmed by LEED and
SEM measurements. At the same time this leads to the increase of
the compressive strain in a graphene layer which initially mimics
reconstructed Ge surface. The intercalation of hydrogen also in-
creases the number of defects in graphene. All together these fac-
tors explain the observed degraded by factor of 2 the charge mo-
bility for the gr/H/Ge(001) samples, compared to pristine sam-
ples90.
The intercalation of hydrogen in gr/Ge(110) was systematically
studied by means of STM71 and ARPES83. The initial motivation
for these works was a question on the role of hydrogen during
the CVD growth of graphene on Ge surfaces and presence of H-
atoms at the gr/Ge interface after synthesis. It was found that
after graphene synthesis, two distinct phases are present at the
surface (Fig. 5(a,b))71: R1 - graphene on (6× 2)-Ge(110) (dis-
cussed before) and R2 - identified later as a graphene layer on
H-terminated Ge(110), i. e. on the (1×1) surface. The R1 phase
can be fully converted to R2 one (and vice versa) via intercala-
tion (de-intercalation) of hydrogen. The intermediate state of the
H-de-intercalation is shown in Fig. 5(c,d)71, where STM images
of the initially fully H-intercalated gr/Ge(110) system are shown
after prolonged UHV annealing at 300◦ C; such treatment of
gr/H/Ge(110) leads to the desorption of H-atoms from interface
and finally R2 phase is fully converted to R1 phase. ARPES exper-
iments give the position of the Dirac point ED−EF = −0.102 eV
and ED−EF =−0.038 eV for gr/Ge(110) (R1) and gr/H/Ge(110)
(R2), respectively83.
The electrochemical oxidation of the gr/Ge(110) interface was
performed in Ref. 92 with the goal to stabilise a graphene-
protected GeO2. It was possible to prepare 350nm-thick GeO2
layer at the gr/Ge(110) interface via electrochemical intercala-
tion in a 0.25N solution of anhydrous sodium acetate in glacial
acetic acid. This treatment led to the significant enhancement of
the intensity of graphene-related 2D and G Raman peaks without
increase of the intensity of the graphene D peak, meaning that
number of defects is not increased after intercalation. As a re-
sult, the compressive strain of graphene observed in gr/Ge(110)
is fully relaxed after intercalation and very weak p-doping of
graphene was observed in ARPES measurements. This approach
might open some perspectives on the graphene stabilisation and
use of thin GeO2 oxides in future applications. The similar results,
but for gr/Ge(001), were obtained on the studies of the oxidation
and ageing effects of this interface93,94.
GQDs are small graphene fragments (typically with the lat-
eral size below 50nm), where electronic transport is confined
in all three spatial dimensions. GQDs can be fabricated by
fragmentation or “cutting” of graphene sheets (top-down ap-
proach). Alternatively, large graphene-like molecules can be syn-
thesised with well-defined molecular structure (bottom-up ap-
proach). Figure 6(a) shows single GQD grown on Ge(110) at
910◦ C using low-pressure CVD method (partial pressure of C2H4
is 1× 10−4 mbar) under UHV conditions. The main prerequisites
here for the growth of high-quality GQDs with well-ordered edges
are the initial preparation of the atomically flat Ge surface under
UHV conditions and the low graphene growth rate. Consider-
ing the presented example one can see that Ge(110) surface be-
haves as a “template” defining the orientation of GQDs and here
well-ordered “arm-chair” graphene edges of the island are aligned
along the Ge 〈110〉 directions, as was previously observed for the
complete graphene layers.
In Ref. 95 and 96 the direct CVD growth at 860◦ < T < 935◦ C
of “arm-chair” GNRs on Ge(001) and 3µm-Ge(001)/Si(001) was
demonstrated. In these works the GNRs are self-aligned 3◦-
off with respect to the Ge 〈110〉 directions with predominantly
smooth “arm-chair” graphene edges. Via tuning the growth pa-
rameters (temperature as well as the CH4 and H2 partial pres-
sures) it was possible to reach very slow growth rate of < 5nmh−1
in the GNRs’ width direction. In this case it was possible to
have a tuneable width for GNRs of below 10nm and aspect ra-
tio more than 70. Taking into account that Ge(001) surface al-
ways presents two equivalent domains rotated by 90◦ with respect
to each other, the two equivalent GNRs arrays were observed.
8 | 1–12Journal Name, [year], [vol.],
To overcome this issue, the use of vicinal Ge surfaces was pro-
posed86,97. Using v-Ge(001) surface with different miscut an-
gles towards Ge 〈110〉 it was possible to reach almost complete
anisotropic “arm-chair” GNRs growth (Fig. 6(b))86. For miscut
angles 0◦, 6◦, and 9◦ the alignment probability for GNRs perpen-
dicular to miscut of 50%, 73%, and 90% was achieved, respec-
tively86. For v-Ge(001)-12◦ the alignment probability for GNRs
reaches 100%97. Using the same approach for the slow growth
rate the high-quality GNRs with width below 10nm and high as-
pect ratio can be grown. At the same time, if the growth rate is in-
creased, i. e. the ratio for the flow rates of H2 and CH4 decreases,
then for vicinal Ge(001) surfaces the downhill crystal edges of
GNRs become longer than the uphill edges. These observations
are explained by the stronger binding between the downhill edge
of GNRs and the Ge surface, and that the uphill edge of GNRs
is H-terminated and unpinned from the Ge surface. These first
studies on the GQDs and GNRs growth on Ge surfaces provide
feasible approaches to achieve unidirectional GNRs’ growth on
CMOS-compatible substrates, like 3µm-Ge(001)/Si(001), which
may substantially promote GNRs scalable integration into the fu-
ture semiconductor technology.
Conclusions
Our minireview presents a timely and comprehensive look on
the new topic in graphene and semiconductors research. Over
the last several years, since the first publications on the success-
ful graphene synthesis on Ge surfaces, many experimental works
were carried out on the growth and electronic structure studies of
different gr/Ge interfaces. These systematic works are mainly de-
voted to the studies of the growth mechanisms as well as on the
finding of the experimental conditions for the growth of highly
ordered and high quality graphene layers on Ge surfaces. It is
found that Ge(110) surface is the most suitable one for the prepa-
ration of high-quality graphene layers and the most technologi-
cally attractive Ge(001) undergoes strong surface faceting during
graphene preparation (which can be released via high tempera-
ture annealing either in UHV or under inert atmosphere). First
electronic structure studies by means of NEXAFS and ARPES in-
dicate the formation of free-standing graphene with moderate n-
doping. Furthermore, it is shown, that alike the gr/metal inter-
faces, one can perform successful modification of the properties
of gr/Ge interfaces via intercalation of different species. In cases
of hydrogen and oxygen intercalation, this leads to the release of
the initial compressive strain in graphene with formation of al-
most charge neutral graphene. One of the most interesting topics
in gr/Ge studies is the preparation and electronic structure stud-
ies of different low-dimensional objects, like GQDs and GNRs,
which growth and orientation on Ge is dictated by the substrate
orientation (for example, flat or vicinal).
Overall, the present status of the gr/Ge research and recent
results can present a successful starting step toward a possible fu-
ture integration of graphene in the modern semiconductors tech-
nology. Here, two possible strategies for this can be considered. In
the first case, graphene is grown on Ge via metal-contamination-
free synthesis and then transferred on the desired support using,
i. e., poly methyl methacrylate (PMMA) polymer. Here, one will
avoid the contamination with residual metal atoms, however or-
ganic contaminations coming from the transfer process and the
residual contaminations at the gr-Ge interface still have to be re-
moved via additional low-temperature annealing process. (See
Ref. 98 for the recent review of the different processing methods
for 2D materials.) In the second case, the direct processing of the
metal-free synthesised gr/Ge systems is assumed. Here, the use of
chemical reagents and polymers is avoided. However, the main
factor, which define the quality of a graphene layer and gr/Ge
interface, remains the high temperature used during graphene
synthesis. As was shown, the temperature used during prepara-
tion of the high quality graphene layers on Ge is very close to the
melting temperature that can lead to the unavoidable Ge sublima-
tion and possible contamination of the synthesis facility, modifica-
tions of the implanted regions in the semiconductors substrates,
degradation of the already fabricated structures, etc. Also high
temperature used during synthesis in both cases, can lead to the
dopants segregation at the gr/Ge interface that might lead to the
uncontrollable modifications of the properties of the synthesised
graphene. In case of the GNDs and GNRs growth the possibility
of the space selective deposition is also highly desirable.
All described problems and concerns point out the significance
of further experimental and theoretical studies of different impor-
tant aspects, like, e. g., taking into account the substrate doping,
controllable modifications of the gr/Ge interfaces via intercala-
tion of different atoms, adsorption of different species on top (to
mimic the environmental conditions), and creation of different
gr/Ge-based heterostructures for the in operando studies.
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